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The functional analysis of neuronal circuitry would be facilitated if
researchers were able to control, over extended periods of time, the
activity of genetically defined populations of neurons in vivo. New work
using light-gated cation channels from green algae offers hope that
this might soon be possible.Stephan J. Sigrist
Perusal of a neurobiology
textbook can leave one feeling
overwhelmed by the enormous
complexity of the brain’s
neuronal circuitry. Understanding
how neural circuitry produces
behavior is, and will remain, one
of the most fundamental
challenges of neuroscience. It is
important, of course, to show that
certain circuit elements are
required for a specific behavior —
but even more so to demonstrate
that the elements are sufficient
for the behavior. Such sufficiency
can be demonstrated by direct
microelectrode-mediated
stimulation of individual neurons
in vivo to provoke a
circumscribed behavior [1]. But
neurons are often sparsely
embedded within tissue
inaccessible, and the number of
microelectrodes which can be
used simultaneously is usually
limited to just one or at best a
few. Such difficulties motivate the
development of non-invasive
methods for activating neurons
in vivo.Recent years have seen the rise
of new ‘soft’ approaches in which
broadly applied light stimuli are
used to activate just those
neurons that had previously been
engineered to express a
genetically encoded ‘phototrigger’
[2–4]. The hope is that, in this way,
activity patterns might be
precisely controllable in the
nervous system of intact, freely
behaving animals. Nagel et al. [5]
have recently reported an
example of this approach in
Current Biology: the use of a
directly light-gated cation channel
for controlling behavior in vivo,
using the nematode worm
Caenorhabditis elegans.
All phototrigger systems
developed so far ultimately link
the reception of a light stimulus to
the activation of plasma
membrane-bound ion channels.
There are, however, important
differences in design between the
various phototrigger systems
(Figure 1), each of which has its
own limitations. A first step was
made by Zemelman et al. [2] using
a ‘metabotropic phototrigger’
(Figure 1A). In this approach, threephotoreceptor proteins from the
fruit fly Drosophila were
coexpressed in neurons, with
light-activated rhodopsin coupling
to a G protein, which in turn
activates phospholipase C (PLC),
leading to opening of non-
selective cation channels in the
plasma membrane by a PLC
product. Proof of principle came
from the demonstration of light-
evoked action potentials in
cultured mammalian neurons.
But the application of these
techniques to control neuronal
function, especially in neural
circuits and living animals, is
limited by their relatively slow
activation time course and the
complexity of the constructs that
have to be co-expressed. More
recently, Lima and Miesenbock
[6] demonstrated that another
approach works in the whole
organism, in this case the fruit fly
Drosophila: they expressed ATP-
gated cation channel P2X2 in
transgenic flies, and
microinjected chemically caged
ATP into the CNS of adults;
uncaging of this compound by
laser light activated the P2X2
channels which evoked
predictable behaviors (Figure 1B).
In a somewhat macabre, but
more impressive, experiment,
such laser light pulses provoked
flight even in decapitated flies,
engineered to express P2X2
channels in the giant fiber system.
Interestingly, these experiments
indicated that even a truly artificial
activity input command into an
Dispatch    
R101output circuit can be sufficient to
produce a coherent behavioral
response. While this is very
elegant, the approach has its
restrictions. Importantly, the need
for rather acute co-injection of the
caged ligand would not be
compatible with long-lasting
behavioral experiments, such as
long-term learning experiments, or
those that require larger numbers
of animals [7].
To circumvent such problems,
one approach would be to unite
ionic conductance and light
sensing within a single protein
(Figure 1C). As so often happens,
after a laborious search nature
itself delivered the much sought-
after protein. Following the now
indispensable ‘living colors’,
including the green fluorescent
protein (GFP) and related proteins
we owe jelly fish and corals for,
we now are indebted to green
algae for supplying directly light-
gated ion channels known as
channelrhodopsins (ChRs).
ChRs were discovered because
of their role in mediating
phototactic behavior in the
unicellular green alga
Chlamydomonas reinhardtii
[8–11]. ChR1 is a light-gated
proton channel which, because of
the low endogenous proton
concentrations, only produces
tiny currents under physiological
conditions. ChR2, in contrast, is a
light-gated cation channel [9], the
amino-terminal domain of which is
similar in sequence to the seven-
transmembrane regions of many
microbial-type rhodopsins. In the
ChRs, light-mediated
isomerization of bound co-factor
retinal switches on an intrinsic
conductance.
Two recent studies [12,13]
consistently showed that, at least
in vitro, ChR2 is an efficient tool.
When ChR2 was expressed in
cultured mammalian neurons, a
series of brief pulses of UV light
very robustly provoked spiking or
synaptic events with a temporal
resolution on the millisecond-
timescale [12], without any need
for an external supply of retinal.
ChR2 thus has the potential of
combining some of the best
features of previous
phototriggers, the speed of a
monolithic ion channel [14], andFigure 1. Various designs
of genetically encoded
phototriggers for evoking
neuronal activity by light.
(A) The metabotropic pho-
totrigger system [2]. (B) The
P2X2-based system that
uses light-mediated
uncaging of ATP [6]. (C)
ChR2, a directly light-acti-
vated cation channel
[5,11,12,14].
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Current Biologythe efficacy of the natural light-
transduction machinery.
Nagel et al. [5] have now
reported for the first time that
ChR2 can be used in vivo to evoke
behavioral responses. The authors
used the small soil nematode
C.elegans, well known as a good
model system for behavioral
genetic studies. When ChR2 was
expressed in mechanosensory
neurons of the worm, application
of blue light evoked withdrawal
behaviors that are normally only
elicited by mechanical stimulation.
Pairing expression of ChR2 and
light illumination thereby allowed
the authors to bypass the
requirement for the MEC-4/MEC-
10 mechanosensory ion channel,
normally essential for the
mechanosensory response of
these neurons. When ChR2 was
expressed in muscle cells, the
light-induced contractions
occurred in synchrony with the
light stimulus, and
electrophysiological recordings
from muscle cells showed that
light evoked rapid currents
persisted for as long as the worms
were illuminated.
It may be possible to improve
ChR2-targeting further by
recombinant fusion to
endogenous targeting signals,
which may also allow targeting of
the protein to relevant membrane
subdomains, such as synaptic
sites. Fortunately, the
intracellular end of ChR2 seems
to tolerate tagging. It will be
important to explore the
possibilities for further tailoring
single channel conductance and
ion selectivity of ChR2. Similarly,
screening for mutations that tune
ChR2’s excitation spectrum moreinto red might identify variants
that allow for deeper penetration
depth and lower phototoxicity of
the light stimulus. The enormous
power which, over the last years,
conventional and novel [15]
mutation-selection procedures
have provided for optimizing and
tuning the features of
fluorescence proteins give
reason for some optimism in this
regard.
The new work of Nagel et al. [5]
clearly encourages the further in
vivo application of ChR2. One can
foresee a broad range of potential
applications for ChR2, and
particularly for its more optimized
cousins. Several spectral variants
of ChR2 and/or similar
phototriggers when coexpressed
could allow the delivery of
temporally and spatially complex
patterns of activity. Another
appealing possibility is to use the
available genetic models of
behavior — worm, fly or zebrafish
— for screening animals being
genetic mosaics for ChR2
expression. This way, certain
circumscribed neuron populations
might be identified as being
sufficient for evoking specific
behaviors in an unbiased fashion.
There are likely to be surprises,
however; whether functional
classes of neurons necessarily
always fall together with
genetically accessible classes
remains open at the moment,
particularly in vertebrates.
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SMC complexes are
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architecture of their SMC protein
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condensin contains Smc2 and
Smc4. The prokaryotic SMC
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the prokaryotic SMC protein. The
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diameter [4,5]. All SMC complexes
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domains, including a ubiquitous
conserved ‘kleisin’ subunit which
makes direct contact with and
bridges the two ATPase heads.
One of the big unresolved
questions in chromosome biology
is how SMC complexes bind to
and work on DNA. One of the best
studied examples is the budding
yeast cohesin complex. Cohesin
mediates cohesion between sister
chromatids following DNA
replication, and also participates
in mitotic chromosome
condensation [6,7]. Nasmyth and
colleagues [8] have suggested that
the cohesin ring might bind to
chromosomes by encircling, and
thereby topologically entrapping,
DNA. Confining both replication
products after S-phase within one
ring could provide a stable and
safe means of sister chromatid
cohesion.
Many known features of cohesin
are consistent with topological
binding of the complex to DNA.
Mutational analysis of cohesin’s
ATPase domain suggests that ATP
must be hydrolysed for cohesin to
bind to DNA in late G1 of the cell
cycle. ATP hydrolysis is expected
to lead to dissociation of the
ATPase heads, thereby opening a
potential way for the DNA into the
cohesin ring [9,10]. The ring is
irreversibly opened in anaphase,
when cohesin’s kleisin subunit
Scc1 is cleaved by the protease
